Temperature is one of the most important environmental variables for organisms. The temperature range for growth is limited by the ability of a given organism to compensate for the diverse effects of temperature: changes in physical state, denaturation of micromolecules, and changes in rates of all chemical reactions.
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The adult sizes of many macroorganisms are closely correlated with the temperature of their environment (1) . The most striking effect of temperature on the size of microorganisms is the frequently observed formation of filaments or large cells near the extremes of the temperature range for growth (8, 20, 23) ; however, other than at the extremes, temperature seems to have little effect on cell size. In a comprehensive study on the size and composition ofSalmonella typhimurium, Schaechter et al. (18) found a profound effect of nutrition but no demonstrable effect of temperature (25 versus 37 C) on the mean cell size. MacLean and Munson (13), however, found a somewhat greater proportion of longer cells of Escherichia coli B/r at 37 C that at 22 C.
In this paper we describe the effect of temperature on E. coli ML30 populations in the steady state of growth, particularly, on cell size distribution, and the effect of abrupt changes in temperature on cell division. at low temperatures, the steady state Response to a shift in temperature. The ed very slowly. We found that, after most obvious conclusion from the measuren minimal medium was cooled to 10 C, ments in the steady state is that over most of n cell volume rose for five generations the temperature range the cell volume distribuximum 1.7 times the initial mean vol-tion is invariant; only near the upper and lower I then declined over five more genera-ends of the range is the perturbation of that a constant value. During the period of distribution detectable. The constancy of the tly high mean volume, the morphology distribution of volumes of extant cells implied lls was markedly aberrent.
MATERIALS AND METHODS
constancy of the distribution of volumes of dividing cells. However, over the range of tempera-' , ture corresponding to invariant distribution of volume, the specific growth rate varies by a factor of at least 4.9 in minimal medium and at least 3.5 in complex medium (Tables 1 and 2 cooled from 30 to 22 C (Fig. 3) Warming a culture in minimal medium from 22 to 30 C also results in a perturbation in the mean cell volume (Fig. 4) , which declines to a minimum (0.95 ,um3) at 72 min after warming and then increases somewhat more slowly, reaching the definitive value about 200 min after warming. The (0) of E. coli ML30G growing in glucose minimal medium. The left ordinate scale is linear with the logarithm of the number ofcells. The design of the experiment was identical to that described in the legend for Fig. 3 , except that the shift was from 22 to 30 C. bling times, of perturbation in mean volume is quite similar to that resulting from cooling the culture, but the magnitude of the perturbation is considerably less and the specific division rate is constant after the change in temperature.
The average specific rates of enlargement after cooling or warming cultures in minimal medium can be estimated from the slopes of the plots shown in Fig. 5 . The rate is transiently high for about 50 min after a culture is cooled from 30 to 22 C but is constant within 10 min after a culture is warmed from 22 to 30 C. Total cell volume after an abrupt change in temperature. Total volume (0) was computed from the data in Fig. 3 for the decrease in temperature from 30 to 22 C. Total volume (a) was computed from the data in Fig. 4 for the increase in temperature from 22 to 30 C. The values for total volume are 105 pm3 ofcells per ml ofculture computed from the data shown in Fig. 3 and 4. rium in steady-state cultures demonstrated a strong dependence of mean cell mass on the specific growth rate if growth rate was varied by nutrition. This has been confirmed by subsequent studies of several enteric bacteria and is illustrated here by a comparison of the mean cell volume of E. coli in minimal medium with that in complex medium (Tables 1 and 2 ). Schaechter et al. (18) crease of considerably lower magnitude. As discussed previously (see above), these transients suggest some dispersion of temperature coefficients of division processes and a separate regulation of the rates of reactions crucial to cell division. Both the transient decrease in specific division rate (Fig. 3) and the increase in the specific rate of cell enlargement (Fig. 5 ) begin immediately after a culture is cooled, and both contribute to the observed increase in mean cell volume. The immediacy of the suppression of division rate implies a terminal reaction in division (2, 6) such as septation as the locus of the effect. For Streptococcus faecalis it has been shown that the beginning of septation coincides with, and possibly causes, a decrease in the rate of enlargement (7) . The growth rate of individual cells of E. coli also is known to decrease shortly before division (14, 15) . If abrupt cooling delays the onset of septation, this delay could account for the increase in the average specific rate of enlargement observed immediately before cooling.
The lower magnitude of the transient response to abrupt warming precludes a corresponding analysis of that response. Although the decrease and the recovery of mean cell volume were well defined by direct measurement (Fig. 4) , changes in the specific rates of division (Fig. 4) or enlargement (Fig. 5) , both of which depend on estimates of derivatives, were below the sensitivity of our measurements. The response times, in units of doubling time at the respective temperature, for the transient changes in mean cell volume after cooling and warming were only slightly different; the similarity in response time suggests a common locus of response to a change in temperature.
One of the well-known responses of many microorganisms to an abrupt change in temperature is a partial phasing of subsequent cell division. Regimens of changing temperature to induce synchronous division were developed first for protozoa (19) and subsequently for bacteria (9, 11, 12) . That such regimens induce synchrony, which persists for some time thereafter, implies that the reaction(s) controlling division has been temporally aligned. One 
